Introduction
The 2006 gross value of fruit and nut nursery crops in the United States was $276 million (USDA, 2007) . This category includes citrus and subtropical fruit trees, deciduous fruit and nut trees, grapevines, and other small fruit plants, such as raspberry and strawberry. California produces the majority of the fruit and nut nursery stock sold in the United States, with Oregon and Washington also producing a significant proportion. A critical component in the production and sale of these nursery crops is the generation of planting stock that is free of viruses, soil-borne pathogens, and plant-parasitic nematodes.
To achieve plant-parasitic nematode and soil-borne pathogen control, fruit and nut nursery crop producers have relied upon preplant soil fumigation with combinations of methyl bromide and chloropicrin ( Figure 1 ). This method allows the producer to reduce significantly or eliminate plant-parasitic nematodes and soil-borne pathogens and helps mitigate the risk of developing infected plant material. Methyl bromide is classified as a restricted-use pesticide and was registered production of deciduous fruit and nut trees ( Figure 2 ) is a major component of this nursery sector and largely supplies planting material for the increase and maintenance of nearly 486,000 ha of bearing stone fruit (peach, plum, apricot, nectarine, etc.) and tree nuts (almond, pistachio, pecan, walnut) in California alone (USDA, 2010) . Open field production of grapevine nursery stock accounts for much of the planting stock supporting over 320,000 ha of wine, table, and raisin vineyards in California. California nurseries also ship fruit and nut crop nursery stock throughout the United States and around the world.
Soil fumigation prior to planting high-value nursery crops is critical to California nursery production for two main reasons. From an agronomic standpoint, soil fumigation pro vides control or suppression of a broad spectrum of soil-borne pests including pathogens, plant-parasitic nematodes, and weeds. Control of these pests ensures a vigorous start to propa gated orchard and vineyard stock and can greatly reduce production costs in a cropping system that has relatively few post-plant chemicals available for the control of plant-parasitic nematodes and soil-borne pathogens. Second, and more importantly, in order for a California nursery to sell stock outside the county of origin, the plants must be "commercially clean with respect to economically important nematodes" (CDFA, 2010a) . These regulations have been enacted to ensure that nematodes such as root lesion (Pratylenchus spp.), root-knot (Meloidogyne spp.), and dagger (Xiphinema spp.) are not spread from infested nurseries to production fields and that the establishment and vigor of new production fields is not compromised.
Nematode certification in California can be met by either fumigating the field using an approved treatment (Table 1) or by conducting a detailed inspection of soil samples and planting stock at the end of the production cycle (CDFA 2010a (CDFA , 2010b . If a grower elects to meet certification requirements using the robust inspection procedures and prohibited nematodes are found in soil or plant samples, further sampling is conducted to delineate the extent of the problem. Nursery stock from the affected area cannot be sold for commercial farm planting and is usually destroyed. Thus, preplant soil fumigation reduces the economic risk of a non-saleable nursery crop and is used by nearly every commercial perennial crop nursery in the state of California.
Methyl bromide has long been the most common treatment used to meet certification requirements and growers are familiar with field preparation requirements and appreciate the broad spectrum control of both nematodes and other less regulated pests such as crown gall (Agrobacterium tumefaciens) and annual and perennial weeds. For some soil texture and soil moisture conditions, 1,3-dichloropropene (1,3-D) is an approved soil treatment for certified nursery production in California (CDFA, 2010a). However, the maximum use rate of 1,3-D in California does not provide sufficient nematode control in nurseries with fine textured soils (McKenry & Thompson, 1974) . Use of 1,3-D in California is further restricted by township caps (a township is a geographically defined area six-by-six-miles square) that are shared by all 1,3-D-using crops on a first-come-first-served basis (CDPR, 2002) . Although metam sodium and chloropicrin are currently registered in the United States and have provided nematode, pathogen, or weed control in trials in various nursery production systems (De Cal et al., 2004; Porter et al., 2006) , they are not currently approved for certified nursery production in California. Iodomethane, which is currently undergoing the registration process in California, has shown promise in openfield nursery trials, as well as other trials (Becker et al., 1998; Eayre et al., 2000) .
Raspberry Nurseries
Raspberry nurseries located in Washington and California provide plants to a $231 million red raspberry fruit industry with 5,900 ha of production in the United States (USDA, 2010). California raspberry nurseries are subject to the same intercounty shipment restrictions as other fruit and nut nurseries (see above). Raspberry plants grown in California and Washington are also often shipped to Canada, Mexico and elsewhere, and plants for international shipments must be grown in fumigated soil to comply with import requirements. Another reason for preplant soil fumigation is that raspberry nurseries must produce disease-free plants to avoid disease outbreaks in raspberry production fields. However, it is difficult to prevent disease spread via nursery plants completely because they can harbor latent, or asymptomatic, infections. Simply removing plants with visible disease symptoms is not enough, so most nurseries focus on avoiding critical pathogens 
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through site selection, rotation, and soil fumigation. Nurseries choose production fields without a history of dangerous pathogens (e.g. Phytophthora rubi, causing raspberry root rot) and select for well-drained soil types that are less favorable for disease development. Unfortunately, the sandy soils preferred by raspberry nursery growers to minimize damage by root rot may favor plant-parasitic nematodes. Nurseries generally practice crop rotation, keeping a three to five years interval between raspberry nursery plantings.
Raspberry nursery growers in the United States tend to be conservative in their choice of soil fumigants and have been slow to adopt alternatives to the effective combination of methyl bromide and chloropicrin. This treatment controls the major nematode problems for raspberry nurseries, root lesion and dagger nematodes. Methyl bromide and chloropicrin also controls other important soil-borne pests of raspberry nurseries, including Phytophthora root rot, crown gall, and weeds. Recent evidence suggests, however, that viable alternatives to methyl bromide exist for raspberry nursery production (Table  2) . Full and reduced rates of a combination of iodomethane and chloropicrin eliminated root lesion nematode, as did 1,3-D:chloropicrin 65:35. Control of root rot and crown gall required the full rate of iodomethane or required that 1,3-D:chloropicrin be applied under a highly retentive barrier such as virtually impermeable film (VIF). However, results can vary with soil conditions and nurseries are understandably reluctant to give up a fumigant such as methyl bromide that has been an industry standard for decades.
Future challenges
Fruit and nut nursery crop producers have been able to rely upon a remarkably robust soil fumigant, methyl bromide, to control soil-borne pathogens, plant-parasitic nematodes, and weeds. The future challenges that these industries will face include adopting and integrating relatively new technologies to control soil-borne pests into existing production systems, the potential economic constraints associated with these new technologies, and a constantly changing landscape of fumigant registration and application requirements in the United States. These challenges will be exacerbated by high phytosanitary requirements in California and in countries importing nursery plants from the United States.
In the short-term, fruit and nut nursery crop industries will continue to rely upon chemical nematode control. Currently, there are only a handful of chemicals registered for preplant nematode and soil-borne pathogen control (Tables 1 and  2 ). None of the identified alternatives can replace all methyl bromide use in fruit and nut nurseries immediately because they have significant technical and regulatory limitations. Table 1 . Susceptibility of soil-borne pathogens and root lesion nematode to methyl bromide alternatives in a raspberry nursery trial in washington. A plus (+) indicates that the treatment reduced soil-borne pathogen survival to less than 10% of survival measured in a non-treated soil, while a minus (-) indicated that the treatment did not reduce soil-borne pathogen survival compared to survival in a non-treated soil
Treatment

Root rot (Phytophthora rubi)
Crown gall (Agrobacterium tumefaciens) ) and not approved for use on clay loam soils. 1,3-D applied to sandy to sandy loam soil (372 kg ha -1 ) followed with 130 kg ha -1 a methyl isothiocyanate generator 7-21 days later. This application is not approved for use on fine textured or moist soils. 1,3-D applied to sandy to sandy loam soil (372 kg ha -1 ) coapplied with 130 kg ha -1 MITC generator. This application is not approved for use on fine textured or moist soils.
Root lesion nematode (Pratylenchus penetrans)
In 2009, the US Environmental Protection Agency (US EPA, 2010) issued re-registration eligibility decisions for the fumigants chloropicrin, metam sodium, metam potassium, methyl bromide, and dazomet. Regulatory changes, including buffer zone requirements, are mandated to appear on the fumigant pesticide labels in 2010 and 2011, and the US EPA plans to initiate registration reviews for all of the soil fumigants in 2013, four years earlier than previously planned (US EPA, 2010). Adoption of 1,3-D may be limited by this fumigant's chemical properties, as it is much less volatile than methyl bromide and will not readily fumigate soil that is too wet or cold (McKenry & Thompson, 1974) . Reduced volatility also results in a relatively long plant-back time compared to methyl bromide. In addition, township caps in California limit the amount of 1,3-D that may be used in any township. Recently, California released a proposed decision to register iodomethane (CDPR, 2010) . If registered in California, regulatory target levels and mitigation strategies will be more stringent than those for the 47 other states in which iodomethane is registered for use on vegetables, turf, and fruit and nut nursery crops (US EPA, 2009).
One often overlooked attribute of broadcast fumigation with methyl bormide is the fact that growers need not have an appreciable understanding of the mechanism of pest control. Decades of use and refinement of application rates and techniques, plus the unique chemical properties of methyl bromide, have given growers a pest management tool that disperses quickly through the soil profile, performs well in a range of soil texture and moisture conditions, and quickly and reliably kills whatever soil-borne pests are present. In the absence of methyl bromide, growers will need to be sensitive to the conditions under which individual fumigant and combinations of pest management practices will be successful.
Technologies that reduce fumigant emissions will need to be employed to minimize bystander exposure and reduce buffer zone sizes. Examples include: low-permeability plastic films, water treatments, bed fumigation, chemigation, and coapplication with organic materials such as composted manure (Gao et al., 2010; Schneider et al., 2009b) . The ability of a nursery grower to implement these technologies will ultimately be driven by economics and performance. The tolerance for prohibited pests is extremely low in nursery stock from both a regulatory and business reputation standpoint. Emission mitigation procedures that reduce fumigant dispersal or residence time in very shallow or deeper soil layers may not provide a sufficiently high level of nematode or soil-borne pathogen control for nursery production of deep-rooted fruit and nut nursery stock.
As US nursery growers step into the relatively unknown territory of new fumigants, and perhaps, ultimately, no fumigants, they will need to rely upon unfamiliar management practices to make the best use of currently available chemical and non-chemical pest management systems. Current research and outreach efforts are focused on maximizing efficacy and grower familiarity with available chemical alternatives. However, much more work is needed to test and develop new products and techniques for control of prohibited pests in nursery production.
The economic and environmental costs of producing nematode and pathogen-free nursery stock are difficult to estimate. It is clear that fumigating a few thousand hectares of nursery stock annually can provide a hundred-fold increase in economic and productivity benefits to the many hectares of production orchard, vineyard, and berry crops dependent on clean nursery stock worldwide. The greatest challenge to production of plant-parasitic nematode-and pathogenfree nursery stock in the future will be finding solutions that simultaneously meet: 1) the high pest control efficacy needs of nursery producers; 2) very specific nursery certification requirements; 3) evolving regulatory requirements related to environmental quality; 4) worker and bystander safety concerns; and 5) federal and state registration of fumigant pesticides. While this is certainly a formidable task, the potential costs of wide spread plant-parasitic nematode or soilborne pathogen problems in nursery and production fruit and nut crop industries in the United States is tremendous.
